In a lead-bismuth alloy (45%Pb-55%Bi) cooled direct contact boiling water fast reactor (PBWFR), steam can be produced by direct contact of feed water with primary Pb-Bi coolant in the upper core plenum, and Pb-Bi coolant can be circulated by buoyancy forces of steam bubbles. As a basic study to investigate the two-phase flow characteristics in the chimneys of PBWFR, a two-dimensional two-phase flow was simulated by injecting argon gas into Pb-Bi pool in a rectangular vessel (400mm in length, 1500mm in height), and bubble behavior were investigated experimentally. Bubble sizes, bubble rising velocities and void fractions were measured using void probes. The experimental conditions are the atmospheric pressure and the flow rate of injection Ar gas is 10, 20, and 30 NL/min. The average of measured bubble rising velocity was about 0.6 m/s. The average chord length was about 7mm. An analysis was performed by two-dimensional and two-fluid model. The experimental results were compared with the analytical results to evaluate the validity of the analytical model. Although large diameter bubbles were observed in the experiment, the drag force model of lower value performed better for simulation of the experimental result.
Introduction
Steam lift pump type nuclear reactor was proposed as one of lead-bismuth (45%Pb-55%Bi)-cooled fast reactors (1) . Steam is generated by direct contact of feed water at the temperature of 220°C, with primary Pb-Bi coolant at 460°C in a 6-sector type chimney above the core. Boiling bubbles interact with each other and rise spreading radially without large influence of solid walls. Requirements for higher performance of the steam lift pump are:
(1) uniform distribution of void fraction, (2) higher void fraction and smaller sizes of bubbles. However, characteristics of the Pb-Bi-gas bubbly flow in a channel with such a large cross section have not been clarified. Void fraction is closely related to bubble diameters and bubble velocities. Therefore, it is necessary to clarify the bubble characteristics as well as void fractions experimentally. The experimental data can be used to verify a method of numerical two-phase flow analysis.
Some studies about Pb-Bi two-phase flow were carried out. Saito, et al. experimentally determined slip ratios of 3-4 in Pb-Bi-N 2 two-phase flow and of 2 in water-N 2 two-phase flow in round tube with inner diameter of 44mm (2) . Takahashi, et al., evaluated natural circulation flow rate of a single-phase Pb-Bi and Pb-Bi-water two-phase flow in direct contact of high temperature Pb-Bi and water as a study of Pb-Bi Cooled-Direct Contact Boiling Water Fast Reactor (PBWFR), using a vertical two-phase flow channel with 29.9mm diameter (1) (3) . In these studies, two-phase flow was nearly one-dimensional because small tubes were used. Therefore, the distribution of void fraction was not examined. Saito, et al. performed two-phase flow experiments of Pb-Bi-N 2 in a loop of 24 mm diameter tubes (4) and rectangular pool (5, 6) (100mm by 10mm, 300mm tall) as a development of SIMMER-III, which is safety analysis code of liquid metal cooled fast reactor. Visualization and measurement of void fraction and liquid velocities in Pb-Bi-N 2 two-phase flow were performed by using neutron radiography and electric probes. In this study, the characteristics of distributions of void fraction, bubble rising velocities and bubble sizes (vertical length of bubble, or chord length) are investigated for Pb-Bi-Ar flow in a two-dimensional rectangular vessel designed as a 1/5-scale model of the sector type chimney and the down-comer. Ar gas was selected as a commonly using inert gas in a nuclear reactor to apply this experiment to gas lift pump type nuclear reactor in the future. The experimental data are used for the evaluation of a simple two-phase flow models and a two-fluid two-phase flow model, particularly to evaluate the applicability of existing constitutive equations to the Ar-Pb-Bi two-phase flow.
From the conventional knowledge, there are some distributions of two-phase characteristics in a depth direction. However a viewpoint of this study is distribution of a wide horizontal direction and bubble behavior is more influenced in the horizontal direction than the depth direction. So the measurement point is selected to be the center of the depth which is considered to be low influence of walls and two-dimensional calculations without influence of walls were carried out. 
EXPERIMENT
(1) Experimental apparatus Figure 1 shows a schematic diagram of the test apparatus. The test apparatus consists of a test section, a dump tank, an Ar gas injection line, an Ar gas flow meter, and cover gas pressure control lines. The test section and the dump tank are made of SS-304. Figure 2 shows a schematic of the test section. The test section is a rectangular vessel which has a chimney, a down-comer and a lower plenum. The baffle plate between the lower plenum and the chimney simulates the flow resistance in the reactor core. The baffle plate has forty three flow holes in 21% flow area ratio and is positioned at the level of 100mm from the bottom of the vessel. The diameters of the flow holes are 10mm. A vertical plate divides the vessel into the chimney and the down-comer.
In order to inject Ar gas into the chimney, stainless steel tubes of 1/4 in. in outside diameter and 4.35 mm in inside diameter are horizontally inserted at two locations from a side wall. The each tube has five nozzles of 4 mm in diameter on top surface through which Ar gas is injected into Pb-Bi. Ar gas flow rate is measured by differential pressure type flow meter. Ar gas flows out through a stainless steel tube of 1/2 in. in diameter at the top of the test section. Seven electrode probes are inserted into the test section from above to measure bubble behaviors.
(2) Experiment method Table 1 shows experimental conditions. Bubble properties are measured using electrical probes. The tip structure of the probes is shown in Fig. 3 . It consists of a void probe for the measurement of bubble properties. DC 5V was applied to the void probe through a resistance with electrically grounded test vessel wall. When tip of void probe is in Pb-Bi, output voltage of void probe descends to 0V, and when it is in a bubble, output voltage becomes 4V-5V. The presence of bubble was detected from the output voltage less than 1V. The output of every probe was recorded at the interval of 31.2 s and sampling frequency of 10kHz on a digital recorder. Table 1 An example of output signal of the void probe is shown in Fig. 4 . The rising times of signals are t1 and t2, and the falling times are t3 and t4. The front of bubble interface passes through the tip of sensor 1 at t = t1 and then does through sensor 2 at t = t2. The distance between the tips of two sensors L was 3mm. From these data, the bubble properties are calculated as follows: 
Bubble chord length ( )
where ∆t is defined in Fig. 4 , and M is the detected total number of bubbles. For judgement of real bubbles, the following criteria were used, 
(ii)
where
. If all of the criteria were satisfied, the detected signals were dealt with as reliable bubble signal, and using the signal data the bubble rising velocity Vg and the bubble chord length d CL were calculated from Eqs. (2) and (3).
Analytical model
Two types of analytical models were used to examine the experimental data analytically.
(1) Simple model
The relationship between the bubble diameter, b D , and the relative velocity of a bubble to Pb-Bi, r V , are expressed by the following model:
From the balance of drag and buoyancy forces acting on a single spherical bubble, the relative velocity r V leads to
where the drag coefficient of a single bubble D C is proposed by Peebles and Garber (9) : 
where Re and G are defined by
respectively. Pb-Bi velocity at each nozzle of the baffle plate is calculated from the balance of pressure drop at the baffle plate and buoyancy force in each column in the chimney as The analyzed system was a two-dimensional flow field in the rectangular vessel described in rectangular coordinates.
(b) Conservation Equations
The mass conservation equation for the volume fraction of the k'th phase, k α , is described as
where ρ k and u k are the densities and velocity of the k'th phase, respectively, and the suffix k means liquid or vapor phase. The momentum conservation equation for the momentum per unit mass of the k'th phase, u k , is described as
where F I k is the momentum exchange at the interface, P is the pressure, k µ is the dynamic viscosity, and the suffix j is the x-or y-coordinate.
(c) Constitutive Equations
Interface momentum exchange is dominated by the drag forces between phases which are expressed by ( )
where K is the drag coefficient, and a is the interfacial area in unit volume. According to the flow regime, the interfacial area in unit volume is given by The drag coefficient is given by 
The suffix C denotes a continuous phase, and σ is the surface tension. C d1 is the drag coefficient proposed by Crift (7) for a single bubble. C d2 is that proposed by Tomiyama (8) for a single large bubble.
The diameters of bubbles D b were specified constant or given by constant critical Weber numbers of 10 in the bubbly flow and 3 in the dispersed flow as ( )
c ρ is a density of continuous phase. The density of gas phase is given by
where R is gas constant of Ar gas and T is temperature. Table 2 were carried out. 
Results and discussions
(1) Bubble chord length in experimental Probability density distribution of bubble chord length is shown in Fig. 5 . The probability density decreases monotonically with the chord length, and the maximum bubble chord length is about 40 mm. The distribution did not change appreciably with measurement position and injected gas flow rate.
Shown in Fig. 6 are the distributions of mean bubble chord length at x = 0.155-0.305 m where bubble data were detected enough for statistical calculation. Mean bubble chord length was 7-11 mm without its change with an increase in a flow rate of injected gas. 
(2) Bubble rising velocity
Probability density distribution of bubble rising velocity is shown in Fig. 7 . With an increase in injected gas flow rate the distribution spreads wider to higher rising velocity.
Correlation of rising velocity and chord length is shown in Fig. 8 . There are the lowest limits in the rising velocity which increases with the bubble chord length. 
(3) Void fraction
Void fraction distribution is shown in Fig. 9 . It is found that bubbles spread horizontally in rising vertically, having two peaks in the void fraction distributions at upper level of z = 0.9 m. Void fraction becomes higher at higher level possibly because of decreases in slip ratio and static pressure. 
(4) Relationship between void fraction and chord length
It has been found that the mean chord length is larger at higher void fraction. It is because bubbles can coalesce with each other more readily at higher void fraction. It is also found that bubble rising velocity is higher at higher void fraction since rising velocity of Pb-Bi becomes higher due to lift pump effect. In Case 2, as the diameter of bubble is assumed to be 7 mm, Eq. (25) for large bubble was used. Figure 14 shows that the drag coefficient of bubble with 7mm in diameter is higher than that of bubbles with 2-3 mm in diameter. Therefore, the total drag force was larger than that in Case 1, and consequently bubble rising velocity was lower and void fraction was higher in Case 2 than in Case 1. There are high void fraction peak of the central part in Case1 and Case2 because Pb-Bi downward flow in the central part due to circulation flow accompany with the bubbles for effect of high drag force. On the other hand, these tendencies do not appear to Case 3 because of low drag force.
In Case 3, Eq. (24) was used for larger bubbles, and the void fraction and bubble velocity agreed better with experimental result than in Cases 1 and 2. This result suggests that Eq. (24) can be applicable to the case of large bubbles such as 10 mm because surface tension force is higher in Pb-Bi-Ar system than in gas-water system.
Conclusions
As a basic study of the two-phase flow characteristics in the chimneys of PBWFR, the bubble behavior were investigated experimentally using the void probe by injecting Argon gas into Pb-Bi pool in a rectangular pool. The analytical results were compared with the experimental results to evaluate the validity of the analytical model. The results are summarized as follows:
(1) Experiment 1) Probability density distribution of the bubble chord length monotonically decreases with the chord length. Mean bubble chord length was 7-11 mm without its change with an increase in a flow rate of injected gas.
2) There is a lower limit in rising velocity, and this lower bound is higher with the bubble chord length. As gas flow rate increases, the bubble rising velocity increases, and the probability density distribution of the bubble rising velocity becomes wide.
3) Bubbles spread horizontally in upward direction. Void fraction becomes higher at higher level.
4) The mean chord length and the mean rising velocity are higher with the void fraction.
(2) Analysis 1) In the simple model, calculated bubble rising velocity using for deformed bubble does not agree well with experimental result in the present one-dimensional Pb-Bi flow model because of no consideration of two-dimensional convection in the chimney for the estimate of Pb-Bi velocity. 2) In the two fluid model, since the drag coefficient is higher than that in experimental value, bubble rising velocity is underestimated, and the void fraction becomes too high compared with experimental result. The existing constitutive equation for drag coefficient of large bubble obtained for air-water system gives higher values of drag forces in comparison with Pb-Bi-Ar system.
